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For hundreds of years, coastal and marine ecosystems have experienced increasing 

threats due to the cumulative effects of increasing population growth and dependence on these 

ecosystems. Thus, there has been increased enthusiasm to mitigate the negative effects of 

human actions through the use of cleaner sources of energy, like marine renewable energy 

(MRE). The U.S. West Coast shows potential for tidal, wave, and offshore wind energy. 

Concern about MRE deployments has motivated research on the environmental effects of these 

new man-made hard structures in the ocean. Although this kind of development is relatively 

new in the U.S, placing man-made hard structure in coastal and marine ecosystems around the 

world has shown to create new habitat for algae, invertebrates, and fish and create foraging 

opportunities for birds and mammals, eventually becoming an artificial reef. The overall goal 

of my research was to use existing artificial structures to investigate a few specific effects of 

MRE development in Oregon waters. My research had two components: to assess the extent to 

which soft-sediment habitats are influenced by the presence of artificial structures deployed in 

Yaquina Bay, OR, and to characterize the biofouling communities present on bottom and 

surface artificial structures deployed offshore. Previous research indicates artificial structures 

modify sediment composition by increasing the erosion around a structure and that there is a 

close link between infaunal communities and sediment composition. Grain size analyses 

confirmed artificial structures change the physical environment around them, although these 



differences were not sufficient to cause a visible change in infaunal communities. Sediment 

characteristics also did not explain the greater infaunal abundances, mainly of Capitellidae 

polychaetes, closer to the structures than further away. Results indicated there were significant 

differences in sediment characteristics between locations in Yaquina Bay, most likely because 

of the greater amount of fine sediment at the sites located further upstream than those located 

closer to the mouth of the estuary.  These differences in sediment characteristics appeared to 

be large enough to see a grouping of infaunal communities with location in Yaquina Bay. This 

study provided additional evidence that artificial structures alter their physical environment, 

but these structures and physical effects did not change the composition of the infaunal 

communities after a period of eight years. Assessing the biofouling cover on the offshore 

bottom and surface artificial structures showed that after a period of two years, the biofouling 

communities on the offshore bottom structures mostly consisted of balanoid barnacles, which 

resulted in little biomass. The bottom structures appeared to have been tipped over during their 

time in the water, potentially preventing the biofouling communities from developing more. In 

contrast, the surface artificial structures had greater overall cover, although cover mostly 

consisted of algae and gooseneck barnacles. Mussels, amphipods, crabs, and bivalves were 

found within the algae demonstrating the additional structure provided by the algae supported 

a greater variety of organisms on the surface structure. This study provided a “snapshot” of 

possible biofouling communities on offshore artificial structures, but longitudinal studies 

would enable us to monitor the development of the biofouling communities on these structures 

to better understand the mechanisms that caused the observed biofouling communities. 

Conducting these studies in an estuarine environment where in-stream tidal energy could be 

developed and in an offshore environment where wave energy devices would be deployed 

supplies greater specific knowledge about the possible effects of MRE devices in Oregon 

waters and also demonstrates the importance of site-specific research. 
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1 CHAPTER 1: INTRODUCTION 
For hundreds of years, coastal and marine ecosystems have been impacted by the cumulative effects 

of increasing population growth and dependence on these ecosystems (Halpern et al. 2008). Declining 

fisheries, removal of coastal protections provided by biogenic habitat, degraded water quality caused by 

increased algal blooms and the loss of important filter-feeding organisms are examples of negative effects 

of human activities on ecosystem services (Lotze et al. 2006, Doney et al. 2012). In addition, the increased 

use of fossil fuels since the beginning of the Industrial Revolution, coupled with extreme land-use changes 

and deforestation, has accelerated the atmospheric concentration of carbon dioxide (CO2) (IPCC 2014). 

This unprecedented amount of CO2 has had negative consequences on many of earth’s ecosystems 

(Widdicombe and Somerfield 2012). The Intergovernmental Panel on Climate Change (IPCC) found that 

more than 90% of the energy accumulated in the climate system between 1971 and 2010 has been stored in 

the oceans, thus causing global sea surface temperatures to rise about 0.11C per decade since 1971 (IPCC 

2014). In addition, increased CO2 has been shown to cause ocean acidification, which combined with 

warming sea surface temperatures, has threatened valuable habitats (e.g. coral reefs and oyster reefs) 

(Hoegh-Guldberg and Bruno 2010). An increased awareness of how human activities have caused climate 

change as well as the uncertainty about the extent and severity of climate change, combined with increasing 

energy demand and the appeal of energy security, have inspired many countries to start advocating for 

alternative forms of energy that do not utilize fossil fuels (Inger et al. 2009). Marine renewable energy 

(MRE) has the potential to serve as one option for the desired energy alternative and although increasing 

the human pressure on coastal and marine ecosystems, MRE could also mitigate some climate change 

effects.  

Marine renewable energy includes offshore wind, wave, in-stream tidal, and current energy. 

Offshore wind has had the greatest development, most notably in Europe where there are at least 84 offshore 

wind farms currently operational or under construction (EWEA 2016). Although the designs of wave and 
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in-stream tidal energy devices have not been optimized, their development continues to grow (Miller et al. 

2013). The US West Coast shows potential for offshore wind, wave and tidal energy (Bedard et al. 2005, 

Thresher and Musial 2010). For example, Oregon’s Renewable Portfolio Standard calls for 25% of the 

electricity provided by OR’s largest utilities to come from renewable energy by 2025, which for two of the 

largest utilities in OR would be about 11 TWh/yr or enough energy to supply 1 million homes with power 

annually (Kitzhaber 2012). The Electric Power Research Institute (EPRI) estimated the recoverable wave 

energy resource on the Oregon coast is about 121 terawatt-hours/year (TWh/yr) or enough energy to supply 

about 11 million homes with power (EPRI 2011). Installing marine renewable energy will result in more 

people utilizing the marine environment, which increases the possibility of affecting ocean ecology in 

additional ways. In order to minimize further impacts from a new ocean use, researchers have emphasized 

the need to identify and diminish adverse social and ecological consequences of the planning, installation, 

and operation of MRE devices (Inger et al. 2009, Punt et al. 2009, Conway et al. 2010). Marine energy 

installations restrict access for certain fisheries, like bottom trawling, and could have larger economic 

implications (Michel et al. 2007). Devices that are close to shore have a higher probability of facing 

conflicting interests, like shipping, transportation, and tourism, but developing closer to shore can lower 

installation costs because shorter transmission cables and boat rides would be necessary (Kim et al. 2012). 

Many of the ecological concerns focus on the direct interaction of marine mammals, seabirds, and other 

organisms with the devices and mooring lines (Boehlert and Gill 2010, Henkel et al. 2013). Additionally, 

there are concerns about any disturbances caused to these organisms because of potential for increased 

underwater noise or electromagnetic fields created by the generation of electricity (Gill 2005, Wilson et al. 

2010). However, many of the potential effects of MRE devices depend on their placement in the marine 

environment and proximity to other habitats and ocean uses. 

1.1 Artificial structures affect sedimentary habitats  

MRE devices immediately alter the marine environment by adding hard structures to the 

surrounding sediment habitat. As marine sediments cover about 80% of the ocean bottom and are one of 
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the largest habitats on Earth (Byers and Grabowski 2013), MRE devices are usually deployed in areas 

primarily consisting of sediment habitat. Depth, hydrodynamic regimes and input determine sediment 

characteristics of a site (Linley et al. 2007, Miller et al. 2013). Benthic organisms, organisms associated 

with the seafloor, can live in or on the seafloor. Organisms that live on top of the sediments are called 

epifauna, while infauna refers to the organisms living in the sediments. Infaunal communities provide many 

valuable functions to the environment, especially in shallow and coastal areas. Infaunal organisms include 

polychaetes, gastropods, amphipods, and bivalves, among other taxa. They are important players in 

biogeochemical cycling and are a food source for fish, crustaceans, seabirds and humans (Hogue and Carey 

1982, Yeung et al. 2010). Charismatic megafauna, like gray whales and walruses, primarily feed on benthic 

infauna (Oliver et al. 1984, Jay et al. 2014). Additionally, the low mobility of benthic infauna makes them 

excellent indicators of environmental quality, and researchers have studied them to detect and understand 

various environmental issues, such as pollution and anoxic conditions (Pearson and Rosenberg 1978, 

Sivadas et al. 2010). Because of the importance of infaunal communities and the likelihood that their 

habitats will be affected by marine renewable energy installations, understanding changes to soft-sediment 

habitats is crucial.  

Deployment of MRE devices could result in changes to soft-sediment habitats by altering their 

sediment composition. Previous research on various structures in fluid environments have shown that water 

flow, particularly velocity, changes around the structure (Hiscock et al. 2002, Southard 2006). As water 

velocity increases, shear stress, or the force exerted by water on a material, i.e. bottom sediments, increases 

as well. When bottom shear stresses are greater than the gravitational and frictional force of a sediment 

particle, the particle(s) can move (Southard 2006). The sediment can move via the sliding and rolling of 

grains along the bottom or if the energy is great enough the sediments can be suspended in the water and 

move with the main currents in the water. Because larger grain sizes have greater gravitational and frictional 

forces exerted on them, they tend to not be carried as far by water flow. Thus these processes can create an 

uneven sediment composition near an artificial structure, although the patterns seen in sediment 
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composition can vary depending on sediment type, flow regimes, and other physical properties (Miller et 

al. 2013). Barros et al. (2001) found larger grain sizes closer to a reef than further away. In a more detailed 

2004 study, Barros et al. investigated ripple marks close to and far from reefs and found significantly 

different sediment grain sizes between the troughs and crests of ripples (Barros et al. 2004). Soft-sediment 

infaunal organisms have been shown to have a strong and specific connection with the sediment around 

them due to a wide-ranging assortment of feeding modes, physiological tolerances, and other life history 

characteristics (Gray 1974). Thus changing the sediment properties could cause infaunal organisms to move 

or settle in other places in the sediment.  

1.2 Artificial structures as artificial reefs 

Other than adding hard structure on the seafloor and influencing marine sediments, MRE devices 

will also add hard structure to the water column and water surface in various ways depending on what kind 

of device it is. A variety of existing marine renewable energy devices extract energy from the ocean (Bedard 

et al. 2010). The extraction method influences the device’s design and placement in the marine 

environment. Most of the offshore wind turbines in Europe have a design similar to the wind turbines seen 

on land, with a pillar (monopile) structure that reaches the seafloor, because they extract wind energy in the 

same way and are usually deployed in shallow waters, about 20 m, although deepwater wind turbines are 

now being developed (EWEA 2016). Other types of offshore wind turbines exist, such as floating wind 

turbines, where the turbine is on a platform that is attached via mooring lines to anchors on the bottom. 

There are fewer consensuses over the design of wave, tidal and current energy. The Oyster, a type of wave 

energy device, is deployed on the seafloor in nearshore environments in 10 to 15 m water depths, and 

generates energy via a hinged flap that moves backwards and forwards with the waves (AP 2016). In 

contrast, the Pelamis, another kind of wave energy device, is deployed offshore, in 50 m water depths, and 

moves with the upward and downward motion of the surface waves (Drew et al. 2009). These differing 

designs, which often do not resemble an existing artificial structure in the water, make it tricky to infer the 

possible effects that various energy devices could have on the environment. Nevertheless, studies on 
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artificial structures and natural rocky substrate from different environments can be incorporated into 

research on existing and future MRE devices to better understand their potential effects on marine 

ecosystems (Kramer et al. 2015). 

Previous studies around offshore oil platforms, docks, jetties, and other marine energy devices, 

have shown that when structure is introduced into the marine environment, it is likely to become an artificial 

reef (Wilson 2007, Langhamer et al. 2009, Boehlert and Gill 2010). An artificial reef is defined as a man-

made structure that can mimic characteristics of a natural reef (Baine 2001), which is often created to 

provide new habitat for reef species and potentially enhance their production and improve the harvesting 

of these species (Carr and Hixon 1997). In fact, the practice of introducing hard structure into the 

environment has been used for decades in order to aggregate fish and improve fish catches, such as in the 

tuna fishery (Gershman et al. 2015). Thus, introducing new hard substrate, in the form of a MRE device, 

into these areas will inevitably attract biological organisms. However, most MRE devices will be installed 

in soft-sediment habitat, so the organisms that are attracted to these devices could be uncommon to the 

former environment (Boehlert and Gill 2010).  Key organisms that could utilize this new substrate are 

biofouling organisms, such as sessile invertebrates and algae that would settle on and colonize the new 

space. These biofouling communities provide habitat for more invertebrates and fish species and could 

become a food resource attracting larger fish, consequently creating an artificial reef effect (Petersen and 

Malm 2006). The composition and extent of this reef effect, whether only microorganisms, algae and 

invertebrates reach the substrate or whether fish and larger organisms eventually live on or around the 

substrate, depends on a variety of factors, such as larval supply, species interactions, and quality of substrate 

(Tiron et al. 2015).  

The composition of these artificial reef communities can vary depending on where the device is 

located. Communities forming on artificial structures could be different depending on where the structures 

are in the water column, due to differences in wave-exposure, availability of sunlight, and depth (Petersen 

and Malm 2006). Devices often have components that lie on the seafloor bottom, traverse the water column 
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or float on the sea surface. The surface structure provides an additional habitat for species that settle on 

hard structure and need sunlight, (e.g. algae). The species using the surface structure may also have to be 

able to withstand disturbances from waves. Additionally, organisms that settle on the structures can fall off 

the structure when they die or get pushed off by other physical or biological disturbances. The falling 

organic matter can become food for other organisms that may not usually see large inputs of food in that 

area. This could create a bloom of microbial and primary productivity and attract other organisms, such as 

copepods, that are an important food source for juvenile fish and crustaceans. Biological debris that had 

fallen from the surface was found on the seafloor bottom next to an offshore oil platform in California 

(Wolfson et al. 1979) and had high numbers of sea stars that were feeding on the mussels that had fallen 

from above. Hence, surface hard-structure cannot only influence organisms that live primarily in the upper 

water column but also organisms that live on the seafloor. Additionally, most devices will have bottom 

structure, like anchors, which could enhance reef-associated organisms that are bottom dwellers or provide 

food and refuge for juvenile fish. Bottom structure could act as boulders in the marine environment, which 

have been shown to be important habitat for lobsters and crabs (Linnane et al. 2001, Wilson 2007), 

especially when the bottom structure is made to be more similar to natural rocks (through the addition of 

holes).  

While artificial reefs can mimic some characteristics of a natural reefs, predicting exactly how 

communities on artificial structures compare to natural communities can be challenging and habitat and 

food provisioning functions can be very site-specific. A study in the Persian Gulf showed that the benthic 

communities of breakwaters were always distinct from natural reef benthic communities (Burt et al. 2011). 

They also showed that the structure of the breakwater benthic communities became more similar to the 

structure of benthic communities on natural reefs as time progressed, although they suggested the 

breakwater benthic communities would continue to change even after a period of 31 years. These results 

suggest that it may take a longer time for artificial reef communities to become similar to natural reef 

communities. Perkol-Finkel et al. (2006) came to similar conclusions when they studied a 119-year old 
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shipwreck. They inferred that given enough time artificial reef communities will be the most similar to 

adjacent natural reef communities if the artificial reef has similar structural features to the natural 

surroundings, otherwise the artificial reef communities will always be distinct. Nevertheless, simply 

understanding how the structural features of artificial reefs vary from natural reefs is not enough to predict 

the similarity between artificial and natural reef communities. Information is needed on how organisms 

respond to and use the complexity on artificial reefs. Langhamer and Wilhelmsson (2009) demonstrated 

that manufactured holes in wave energy foundations, or anchors, increased the abundance of the crab, 

Cancer pagarus, but did not affect the abundances of various species of fish. The complexity, based on the 

vertical profile and amount and size of shelter, of oilfield debris in southern California affected rockfish 

species differently (Caselle et al. 2002). Thus, predicting exactly how communities on artificial structures 

compare to natural communities can be challenging and effects can be very specific to an area or to an 

organism. As a result, conducting research on natural and artificial reef communities in various 

environments, especially in areas suitable for MRE, will equip us with a more robust dataset that could 

improve our predictions about the ecological effects of MRE devices. 

1.3 Objectives 

The emerging industry of marine renewable energy provides us with an opportunity to learn more 

about the role of artificial structures in the changing marine environment. Increased public awareness of 

the threats facing marine ecosystems and our realization of the importance of managing marine ecosystems 

holistically and sustainably, have motivated us to understand how these devices will influence the 

environment and the organisms within these environments. A rich body of literature exists on the effects of 

artificial structures in different marine environments, but the specific effects of MRE have just begun to be 

studied. The structure of MRE devices, specifically wave energy convertors, will be different than many 

structures in the marine environment, so their effects on marine biology could be novel. 

My research seeks to understand how infaunal communities are structured around existing artificial 

structures and what biofouling communities are present on bottom and surface artificial structures. The 
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ultimate goal of this research was to use this information about these biological communities to better 

elucidate the possible effects of wave energy development on the Oregon coast.  

The two main objectives of my study are: 

1. To investigate the spatial effect of artificial structures on the surrounding infaunal communities 

in an estuarine environment after the artificial structures have been in the water for 8 years. 

2. To identify and quantify the biofouling communities present on offshore surface and bottom 

artificial structures after a period of two years.  

To answer my first objective, artificial structures that were deployed in Yaquina Bay in 2008 were used to 

determine the extent to which soft-sediment habitats are influenced by the presence of an artificial structure 

in an estuarine environment. The hypotheses in this study were developed with previous knowledge that 

artificial structures influence their environment by increasing erosion around a structure, thus altering 

sediment characteristics and that there is a close link between infaunal communities and sediment 

characteristics (Turner et al. 1969, Gray 1974, Sumer et al. 2001, Fabi et al. 2002).  

Hypotheses to be tested:  

Hypothesis about the presence of an artificial structure  

Null (sediment): There are no significant differences in sediment grain size between areas with 

artificial structure and areas without artificial structure.  

Alternative (sediment): There are significant differences in sediment grain size around an artificial 

structure compared to areas with no artificial structure. Sediment close to the structure will have 

larger grain sizes. 

Null (infauna) There are no significant differences in infaunal communities between areas with 

artificial structure and areas without artificial structure. 

Alternative (infauna) Infaunal community composition is distinct in areas with artificial structure 

from areas without artificial structure. .  

Hypothesis about the relationship of infauna with sediment characteristics  
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Null (interaction): Sediment grain size around an artificial structure will not be correlated with 

infaunal community composition or diversity, abundance and richness metrics. 

Alternative (interaction): Infauna community composition, diversity, abundance and richness 

metrics will change as sediment grain size changes around an artificial structure.  

To answer my second objective, I investigated the biofouling communities that had been growing on 

anchors and buoys that had been deployed at a wave energy test site for two years. The hypotheses in this 

study were developed from previous research comparing biofouling communities on natural reefs to those 

found on artificial reefs or MRE devices currently in the water, which indicated biofouling communities 

differ depending on where the structure is in the water column and how long it has been in the water (Pirtle 

2005, Langhamer et al. 2009, Burt et al. 2011) 

Hypothesis to be tested:  

Null: There will be no difference in the biofouling communities present on buoys or anchors. 

Alternative: There will be primary producers on the buoys, which will not be present on the anchors. 

Additionally, there will be a greater abundance of structure forming organisms on the anchors than 

on the buoys. 

My research provided information about the relationship between artificial structures and infauna 

and the rate of biofouling in Oregon waters. My thesis is organized into four main chapters. The 

introduction, this chapter, establishes the wide array of issues surrounding the deployment of marine 

renewable energy devices most relevant to my research. Chapter 2 describes how artificial structures in an 

estuarine environment influence sediment characteristics and infaunal communities. Chapter 3 describes 

the biofouling communities established on bottom and surface artificial structures after a deployment period 

of two years in an area designated for wave energy testing. The final chapter discusses what effects might 

be expected from wave energy devices deployed in Oregon waters and recommendations on how to monitor 

the biological communities associated with these devices in order to adaptively manage these devices and 

ensure the prospect of providing clean energy does not cause unnecessary trade-offs.  
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2 CHAPTER 2: THE EFFECT OF ARTIFICIAL STRUCTURES ON ESTUARINE 

INFAUNAL COMMUNITIES IN OREGON 
 

2.1 Introduction 

For many decades, people have developed the coast to serve a multitude of human activities and 

purposes, such as coastal protection, navigation, fishing, resource extraction and recreation. However, 

increased development and demand on marine ecosystem services, coupled with climate change effects and 

threats like pollution, have placed intense pressure on essential habitats and threatened many ecosystem 

services. Because of these threats, research has increasingly focused on how to mitigate the increasing 

pressure on marine ecosystems (Gillson et al. 2013). This effort has pushed scientists and policymakers to 

research the potential of developing non-fossil fuel based energy, which could decrease the amount of 

carbon dioxide in the atmosphere, thus potentially slowing the rate of ocean acidification or other negative 

effects of climate change (Inger et al. 2009).  

Investment in marine renewable energy (MRE) as an alternative source of energy has increased in 

the past decade. The U.S. west coast shows potential for offshore wind energy, wave energy, and tidal 

energy (Bedard et al. 2005, Thresher and Musial 2010). Motivation to develop marine renewable energy 

has prompted an increase in research on the environmental effects of these new man-made hard structures 

in the ocean. Marine renewable energy installations, such as offshore wind and wave energy devices, have 

been shown to become artificial reefs and fish aggregating devices (Wilson 2007, Langhamer et al. 2009, 

Broadhurst and Orme 2014). However, since most of the research that has occurred on the environmental 

effects of these structures has been on their reef and fish aggregation effects, how these new habitats affect 

the adjacent existing habitat and biological communities still remains unclear (Connell and Glasby 1999, 

Holloway and Connell 2002, Perkol-Finkel and Benayahu 2007). Additionally, research on the 

environmental effects of marine renewable energy has mostly focused on offshore wind farms located in 
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Europe, and not in areas more suited for wave or in-stream tidal energy due to the limited installations of 

such devices, so much remains to be learned about installations in tidal estuaries and on the Pacific 

continental shelf.  

A particularly pertinent question is how the placement of these marine renewable energy structures 

in areas with primarily soft-bottom habitat will affect the infaunal communities already existing in these 

areas. The pre-construction activities and installation of the artificial structure will probably cause 

immediate disturbances directly to the infaunal communities at the site, but it is uncertain if the presence 

of the structures will have lasting and widespread consequences. In a marine environment, the sediment 

around an artificial structure can erode away in a process known as scour. Scour occurs when the water’s 

movement exerts a large enough force on the sediment to move the sediment particles (Southard 2006). 

Thus, depending on various physical conditions, the spatial extent of scour and the consequent changes to 

sediment characteristics could be very variable, making it unclear if the MRE device will not only affect 

the infaunal communities directly surrounding the structure, but also infaunal communities further away.  

Infaunal communities provide many important services for the larger ecosystem. They are vital in 

recycling nutrients to the water column and in being a food source for larger organisms, such as demersal 

fish and crustaceans (Davis et al. 1982, Coates et al. 2014). Additionally, these benthic organisms have 

frequently been used as ecological indicators of various environmental conditions, such as concentration of 

pollutants and oxygen levels, and sediment characteristics, like sediment grain size and organic content 

(Gray 1974, Smith et al. 2001, Coates et al. 2014). For example, studies have shown that fine sediment 

decreases the amount of interstitial space for water and air passage thus decreasing the habitable depth for 

aerobic and non-burrowing organisms (Byers and Grabowski 2013, Harrison et al. 2007). A shift in 

sediment composition from well-sorted fine sediment to greater silt or clay content has been shown to cause 

a shift in the community composition from suspension feeders to deposit feeders and has been correlated 

with lower species diversity (Gray 1974, Mannino and Montagna 1997). Being able to detect how benthic 

communities respond to physical changes to their environment as caused by the installation of MRE devices 
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is the first step in determining if larger trophic changes could be seen. Understanding the ecological 

communities that form around these artificial structures and how they compare to natural communities of 

the area is essential to predicting the ecological consequences of these devices and the possible implications 

for the environment and its users.  

This project was designed to study the zone of influence of artificial structures in an estuarine 

environment in Yaquina Bay, Oregon. Working from the premise that sediment around artificial structures 

would differ from reference areas, my first objective was to investigate how sediment grain size differed 

around artificial structures. I hypothesized that sediment grain size would decrease and the amount of fine 

sediment, sediment less than 62.5 µm, in a sample would increase with distance from an artificial structure 

because fine sediment would be suspended in the water column for a longer period of time than larger grain 

sizes allowing fine sediment to potentially travel the furthest from the structure (Miller et al. 2013). My 

second objective was to assess if infaunal communities around the artificial structures would be distinct 

from the composition of the infaunal communities at the reference sites. I hypothesized the diversity of 

infauna would be higher around the structure because there could be an exchange of animals that live on 

the artificial structure to the soft sediment areas, therefore, potentially increasing the diversity close to the 

artificial structure. I also predicted that the reference site communities would be different from the 

communities surrounding the artificial structures because median grain size would be relatively 

homogenous at all samples from the reference sites thus decreasing the probability for higher species 

diversity. The third objective was to assess how the infaunal communities differed around artificial 

structures and if differences were related to sediment characteristics in an estuarine environment in Yaquina 

Bay, Oregon. Because infaunal species distributions have been shown to be very closely tied to sediment 

characteristics, I expected changes in median grain size would be reflected in infaunal communities 

(Coblentz et al. 2015). Consequently, I expected the composition of infauna to be different closer to the 

artificial structure than at the position furthest from the structure.  
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2.2 Methods 

2.2.1 Study Area  

Six artificial fish habitats were deployed in Yaquina Bay, a drowned river estuary in Oregon, in 

February 2008. The habitats were deployed by the Heppell Lab to study rockfish recruitment in Yaquina 

Bay (Dauble 2010). Each artificial structure was made from 45 cinderblocks (approximately 20 x 20 x 40 

cm with two square holes) that were mortared together into a pyramid shape and set into welded steel 

frames. The structures were deployed in pairs at three locations in the bay. The first pair was deployed just 

between two finger jetties just inshore of the mouth of the estuary. The second pair was deployed by the 

Hatfield Marine Science Center pier close to channel marker 12. The third pair was deployed further 

inshore, just past Idaho Point, close to channel marker 14. Each habitat in each pair was about 100 m 

separate from each other. All structures were stationary on the bay bottom in approximately 4.5 to 9.5 m of 

water (depending on location) and located well outside any established navigation channels.  

The habitats originally were marked with marker buoys, but these were lost over the years. Only 

the two by the finger jetties and one close to channel marker 12 were relocated in 2015, despite multiple 

sonar scans and diving attempts. Thus, only three artificial structures were used for this project. Two 

reference sites were also established to characterize benthic communities not associated with an artificial 

structure. These sites were in close proximity to the artificial structures and were expected to have similar 

bottom conditions (i.e. they were not in a channel or on a tidal flat or on a rocky bottom) as those where the 

artificial structures were originally placed. One reference site was about 50 m from the artificial structures 

by the jetties and the other was at least 50 m from the artificial structure by the channel marker 12. In total 

five sites were sampled. Artificial structures (AS) #1, AS #2 and the “Jetty” reference site were co-located 

downstream of the Yaquina Bay bridge, while AS#4 and the “Bay” reference site were co-located further 

upstream (Fig. 2.1). 
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2.2.2 Field Collections and Laboratory Analysis 

SCUBA was used to reach the artificial structures and to collect sediment cores on two 15 m 

transects radiating out from the pyramid (Fig. 2.2). One 15 m transect was oriented in a direction parallel 

to the shore, typically in a NE/SW direction, while the other 15 m transect was oriented perpendicular to 

the shore, usually in a N/S direction. For each transect, a meter tape was attached at the base of the artificial 

structure. Sediment cores were taken with a 10 cm high and 7 cm diameter plastic push core (38.47 cm2). 

Cores were taken at 0 m, 5 m, 10 m and 15 m from the artificial fish habitat. Two cores were collected at 

each distance, therefore collecting a total of 16 sediment samples at each artificial structure. Each core was 

transferred underwater into its respective pre-labeled Ziploc bag. At the control sites, the same sediment 

collection methods were used, except the transect tape was attached to the weight anchoring the 

ascent/descent line. 

Upon return to the lab, the sediment samples were placed in a 4°C environment and processed 

within 24 hours. First, a subsample of sediment was retained for grain size analysis. Then the remainder of 

the sample was sieved through a 1 mm sieve. Macro-organisms larger than 1 mm were preserved in 10% 

formalin for 24 hours, then transferred and preserved in 70% ethanol. All collected organisms were 

analyzed under a dissecting microscope and were identified to the lowest possible taxonomic level. For the 

grain size analysis, 30% hydrogen peroxide was added to 30 g of the sediment subsample to remove any 

organic material in the sample, so that material did not interfere with grain size analysis. The 30% hydrogen 

peroxide was added over the course of 24 to 72 hours, depending on the amount of organic material in the 

sample. Once all the organic material in the samples was removed, 5% sodium hexametaphosphate (SHMP) 

was added to the samples to prevent the flocculation of sediment. When the sediment particles had settled 

to the bottom, the SHMP was decanted off the samples to leave the sediment ready for processing. The 

sediment was analyzed in a Beckman Coulter laser particle size analyzer located in the Oregon State 

University Core Lab. 
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Each artificial structure was visited twice between November 2015 and April 2016. Cores were 

collected from the reference sites in April 2016. Samples collected from November to February were used 

to determine the appropriate sampling protocol, but only samples collected from March and April were 

used for the statistical analyses (for further information on dive visits, see Appendix A, Table A.1). 

2.2.3 Statistical Analyses 

 I was primarily interested in differences between areas where artificial structures were placed and 

reference areas (test of “treatment”) and secondarily if such an effect could be tracked with increasing 

distance away from the structure (“distance”). However, I recognized the effect could differ in two 

directions away from the structure because of the directional tidal flow in the estuary, Additionally, I 

recognized that the effect of artificial structures could depend on existing sediment and flow conditions, 

which could differ between areas close to the mouth of the estuary (more oceanic influence) and areas 

higher up in the bay (more terrestrial influence). Thus, to first determine if I needed to take into account 

factors other than those related to the deployment of artificial structure, I tested the effects of direction 

(cross versus along flow) and location (lower versus upper estuary) on both sediment characteristics 

[median grain size and percent of fines (sediment less than 62.5 µm)] using a two–way ANOVA. These 

tests indicated that there was no effect of direction on either sediment metric, but that the location within 

the bay had a significant effect on both median grain size and percent fines. Thus, for subsequent analyses 

I used the samples from both directions as replicates, but retained location within the bay as a factor.  

To test my first hypothesis I analyzed sediment characteristics using a two-way ANOVA with the 

factors treatment (structure versus reference) and location within the bay with all the distances from the 

structures as replicates. Tukey’s multiple comparison tests were conducted on the ANOVA models to 

determine how levels of a factor differed if ANOVA results were significant. Sediment samples collected 

from artificial structure transects then were analyzed using a multiple linear regression to test the effects of 

distance and location in the bay on both median grain size and percent of fine sediment. Following the 

linear regression, segmented regressions, using input from a simple linear regression testing the effect of 
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distance on median grain size, were run separately for the lower bay structures and the upper bay structure. 

The segmented regression technique was used to evaluate if I could detect the edge of the artificial 

structure’s zone of influence within the sampled 15 m distance. A segmented regression identifies a 

breakpoint where the slope in the linear regression significantly changes (Muggeo 2015); in this case I 

interpreted a significant change in the slope to be a change in the effect of the structure.  

The infaunal communities were analyzed using Shannon’s index of diversity, richness, and total 

abundance metrics (Magurran 1988). Organismal indices were compared between treatments and locations 

using a two-way ANOVA. Next I again used linear regression to investigate the relationship between the 

organismal indices and distance from structure, keeping location as a factor, to determine if there was an 

effect of the structure on these indices. Finally, I conducted a linear regression between organismal indices 

and median grain size for each bay location to conclude if the sediment characteristics were correlated with 

the organismal indices. All univariate analyses were conducted in R statistical software (R Core Team 

2016).  

 Prior to conducting multi-variate analyses, all infaunal density values were square-root transformed 

in PRIMER 6th edition (Clark and Gorley 2006) to down-weight the influence of dominant infauna. A 

matrix of Bray-Curtis similarities was computed on the transformed data and a cluster dendrogram (method 

= “group average”) and non-metric multidimensional scaling plots (nMDS) were used to visualize the 

structure of the communities. A SIMPROF test was conducted when creating the cluster dendrogram to 

establish if there were any statistically distinct groups within the similarity matrix. A nested two-way 

analysis of similarity (ANOSIM) was conducted to test if there were statistically significant differences 

between infaunal community composition among treatments within each bay location. 
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2.3 Results 

2.3.1 Sampling 

 I collected a total of 80 samples over 2 months (March 2016 – April 2016). Each artificial structure 

was visited twice, although AS #1 infaunal organisms were only collected once. The reference sites were 

only visited once. Overall, at AS #1, median grain size ranged from 211 µm to 281 µm, at AS #2, median 

grain size ranged from 225 µm to about 350 µm, and at AS #4, median grain size ranged from 100 µm to 

217 µm (Fig. 2.3 and 2.4). At the reference sites, median grain size ranged from 217 µm to 276 µm at the 

Jetty site and median grain size ranged from 185 µm to 210 µm at the Bay site. Generally, at AS #1, AS 

#2, and at the Jetty site, the median grain sizes corresponded to sediment size classes of fine to medium 

sand, while at AS #4, the grain sizes corresponded to size classes of very fine to fine sand and the Bay site 

only had fine sand (Wentworth 1922). A total of 410 annelids, 87 bivalves, 11 gastropods, 15 amphipods, 

and 1 Amphipholis sp. were collected and identified to the family taxonomic level whenever possible. 

Temperature readings during sites visits ranged from 10 - 12.8 C.  

2.3.2 Sediment Analyses 

Although differences were detected based on the location in the bay (p <0.001, both sediment 

metrics), sediment samples collected parallel to shore were not significantly different from sediment 

collected perpendicular to shore when analyzing median grain size (p = 0.546; Table 2.1a) or percent of 

fine sediment (p = 0.333; Table 2.2a). 

For median grain size, the interaction between treatment and location in the bay was significant (p 

= 0.012) and the locations in the bay were still distinct (p < 0.001). While there was not an overall significant 

effect of treatment on median grain size (p = 0.352), Tukey’s multiple comparison tests indicated a 

significant effect of treatment in the upper bay only when comparing AS versus reference (p = 0.05; Table 

2.1b). There was no overall effect of treatment on the percent of fines (p = 0.454) with locations in the bay 

still distinct (p < 0.001) and no significant interaction (p = 0.097) was detected (Table 2.2b). 
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 Linear regression, conducted on all three structures together, indicated an effect of distance away 

from structure on median grain sizes, and this was detected in both locations in the bay (Table 2.1c). Median 

grain size significantly decreased as distance increased from artificial structure (p < 0.001). Additionally, 

median grain size in the lower bay was significantly different from the upper bay (p < 0.001). Segmented 

regression conducted on median grain size from pooled lower bay AS #1 and AS #2 samples with a 

hypothesized breakpoint of 5 m indicated a significant breakpoint at 5.445 m (p = 0.001; Fig. 2.3a). No 

significant breakpoint for median grain size around AS #4 was found (Fig 2.4a). Linear regression indicated 

the percent of fine sediment did not significantly vary with increasing distance (p = 0.405; Table 2.2c), 

although the interaction between location and distance was significant (p < 0.001). This was expected 

because fine sediment was found in all samples from AS #4 and the Bay site while fine sediment was not 

found in the majority of samples collected from the two downstream structures or from the Jetty site. 

Location once again showed a significant effect on the percent of fine sediment (p < 0.001). 

Additionally, there was about 4 times more organic matter in AS #4’s samples than at the other 

structures. This was loosely quantified by the greater amount of hydrogen peroxide that had to be added to 

AS #4’s samples in order to remove all of the organic material present. The Bay site also had a greater 

amount of organic matter than the other reference site, but not as much as AS #4.  

2.3.3 Infaunal Community Analyses 

 There was a greater abundance of infaunal organisms at AS #4 than at the other artificial structures 

(Fig. 2.5). AS #4 also had an overall Shannon diversity index of 1.474, while the index for AS #1 was 1.055 

and at AS #1 it was 1.04. 

2.3.3.1 Univariate Analyses 

Two-way ANOVAs indicated that treatment (artificial structure or reference) did not have a 

significant effect on Shannon diversity, richness or abundance, although locations in the bay were 

significantly different in all three metrics (p’s > 0.5 and p’s < 0.001, respectively; Table 2.3a, 2.4a, 2.5a). 
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When looking at the structures in more detail, regression results showed a nearly significant effect of 

distance on Shannon diversity (p = 0.07) but the locations in the bay were not significantly different from 

one another (p = 0.089; Table 2.3b). Additionally, Shannon diversity was not significantly related to median 

grain size in the upper or lower bay (p = 0.28 and p = 0.304, respectively; Table 2.3c, d). Richness also 

showed a nearly significant effect of distance from the structures (p = 0.07) with location in bay highly 

significant (p = 0.009). As with diversity, median grain size did not show an effect on richness in the upper 

or lower bay (p = 0.483 and 0.096, respectively; Table 2.4c, d). Abundance showed a different pattern with 

a significant effect of distance from the structures (p = 0.008) and higher abundances closer to the structures 

(Fig. 2.6; Table 2.5b). Further analysis of data revealed that Capitellid polychaetes were contributing the 

most to the higher abundances closer to the structures (Fig. 2.7). Location in the bay also had a significant 

effect on abundance (p = 0.046). Again, regression analysis did not show a significant relationship between 

infaunal abundance and median grain size in the upper or lower bay (p = 0.326 and 0.63; Table 2.5c, d). 

2.3.3.2 Multi-variate Analyses 

The majority of samples from the Bay reference site and AS # 4 site were included in the cluster 

that was most dissimilar from other clusters (Fig. 2.10). However, there were no statistically dissimilar 

groups of infaunal communities that were reflective of factors I was interested in (i.e. treatment and 

distance). In order to reduce any bias arising from analyzing samples that were 100% similar because they 

had no organisms, the three stations (separate clusters) shown on the left of Fig. 2.10 were removed in 

future analyses. An nMDS plot with data labelled by location in Yaquina Bay showed that there was 

structure in the plotted distribution of the samples related to the location (closer to the mouth of the estuary 

versus further upstream) from which they were collected (Fig. 2.11). A nested two-way ANOSIM 

(treatment nested in location) showed almost no effect of treatment on the infaunal communities (R = 

0.111), although this was significantly different from zero (p = 0.023). Dissimilarities in infaunal 

communities between locations could not be tested well with the nested design due to only 3 possible 
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permutations. A crossed ANOSIM showed a much larger effect of location on the infaunal communities (R 

= 0.403, p = 0.001), than was detected for treatment.  

2.4 Discussion 

Developing in-stream tidal energy in estuarine environments, like Yaquina Bay, could affect 

infaunal communities by replacing their soft-sediment habitat with hard structure and causing additional 

physical changes to their soft-sediment habitat. The goal of this study was to determine if artificial structures 

in Yaquina Bay influence infaunal community composition depending on the community’s proximity to an 

artificial structure and associated effects of the structure on sediment composition. Sediment grain size did 

appear to be affected by the presence of artificial structures; however overall treatment effects were limited 

to the upper bay (more fine sediment habitat). In both the lower and upper bay, median grain size varied 

significantly with proximity to structure, and a trend of increasing fine sediment was seen in the upper bay 

where more fine sediment was present. Thus, my first hypothesis, which was that sediment characteristics 

would be affected by structure was supported, with significantly larger grain sizes found closest to the 

structure. These results concur with previous literature that demonstrate a trend of smaller grain sizes away 

from rocky reefs. Martins et al. (2013) detected significantly greater percentages of fine sand at 15 m than 

within 1 m of a reef, while Barros et al. (2001) generally found greater percentages of fine sand at 6 and 11 

m than 1 m from a reef. In my study, median grain size also decreased with increasing distance from the 

lower bay structures, with the effect of the structures ending at 5 m from the structures. The percent of fine 

sediment in samples from the lower bay was present in only a few samples, so the range of variability 

present was too small within which to detect a change. In the upper bay, the edge of the structure’s effect 

was not significant, suggesting that despite the significant decrease in median grain size as distance 

increased from the structure, the variability in median grain size, made it difficult to ascertain the extent of 

the structure’s effect.  

Overall, infauna community composition at the artificial structures was not different from the 

reference sites. Thus, the second hypothesis was rejected. The differences in grain size did not appear to be 
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large enough to cause changes in infaunal communities, suggesting these sediment differences were not 

ecologically significant. Barros et al. (2001) found large variation in the effects of rocky reefs on abundance 

and diversity of infauna, however they discovered that infaunal communities at 6 and 11 m were less 

dissimilar than communities at 1 and 6 m and 1 and 11m.  Furthermore, they found coarser sediments close 

to the reef (1 m) and more fine sediment further away (6 and 11 m). Thus although there were not consistent 

trends on the reefs’ effects on infaunal communities, it appears that the differences found in sediment grain 

size could contribute to dissimilarities in infaunal community assemblages at different distances from a 

reef.  

In terms of my third objective regarding infaunal variation around the artificial structures 

themselves, there was some effect of the structure, detectable largely in abundance but to some extent in 

diversity and richness. Infaunal invertebrate abundance was greater close to the structures than further 

away, although this pattern was not explained by sediment characteristics. I predicted that there would be 

higher diversity close to the structure because of the higher probability of seeing organisms that live on the 

structure in the soft-sediment close to the structure, but instead it could be a mechanism for greater 

abundances close to the structure. However, this mechanism was not supported by my study. My results 

showed that the greater abundances close to the structure were mainly because of the Capitellidae 

polychaete family, which are polychaetes that live in sediment and not on hard substrate. Alternatively, the 

increased flow around a structure could potentially facilitate a greater incorporation and mixing of organic 

matter and nutrients in the soft-sediment areas closest to the structure, thus attracting more organisms to 

the structure (Fabi et al. 2002, Falcão et al. 2009). Higher abundances of infauna were found closer to the 

scour protection of a wind turbine in the North Sea where organic matter and Chl a concentrations were 

higher than at distances further away (Coates et al. 2014). Capitella species, a member of the Capitellidae 

family, are deposit feeders that have been shown to have opportunistic population dynamics demonstrated 

via their association with organic enrichment of sediment, which is often preceded by environmental 

disturbances (Tsutsumi 1990). Further studies by Tsutsumi et al. (1990) revealed that the growth of these 
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species was not related to the amount of organic matter in the sediment, but rather the amount of additional 

organic material added to the sediment (i.e. algae). The artificial structures in my study had biofouling 

communities that consisted of various kinds of macroalgae. Although, taxa were not identified here to the 

species level, the Capitella capitata complex, a complex including the Capitella spp., is present in Yaquina 

Bay (EPA 1999), so the Capitellid worms present in my samples were probably also Capitella spp. Thus 

the Capitellidae could have taken advantage of additional inputs of organic matter to their sediment habitat, 

such as the decaying algae or other falling organisms coming from the structure. This behavior might 

explain why there was a higher abundance of organisms around the artificial structures and why abundances 

were not explained by sediment characteristics. Additionally, abundance could be more sensitive to changes 

in the environment because since the structure increased the abundances of one type of organism, then total 

abundances changed, but it is less likely that the increased abundances of that organism would cause a 

change in community composition. 

The variation detected in sediment did not seem to have an effect on the composition of the infaunal 

communities thus rejecting my hypothesis that infaunal communities would be correlated with changes 

seen in sediment characteristics. In southern California, Ambrose and Anderson (1990) found coarser 

sediments (> 500 µm) closer to the reefs than at 10 or 20 m away and also showed differences in infaunal 

composition closer to the reef than at various distances further away. Additionally, Martins et al. (2013) 

had more gravel (> 2000 µm) in areas adjacent to the reef and they saw significant differences in infaunal 

assemblages adjacent to the reef than at 15 m away from the reef. My study did not have coarse sand or 

gravel sized sediment, so perhaps in order to see differences in infaunal composition related to sediment 

grain size, there has to be greater differences in grain sizes than was seen in my study.  

From a broader perspective, a grouping of infaunal communities by their location in Yaquina Bay 

was apparent. A study conducted in a Brazilian estuarine system showed that benthic assemblages in the 

upper estuary were distinct to the assemblages in the lower estuary (Barros et al. 2008). Changes in salinity 

and sediment grain size were shown to be important factors influencing those communities. Sampling 
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additional covariates in the upper and lower bay locations could help elucidate if other factors could be 

interacting with sediment composition to affect infaunal compositions.  

Previous studies have demonstrated that infaunal communities are temporally and spatially variable 

and animal-sediment relationships can vary in similar ecosystems and even between species in similar 

functional groups (Manino and Montagna 1997, Barros et al. 2008, Martins et al. 2013). Davis et al. (1982) 

discovered no significant relationship between distance from a reef and infaunal communities but saw 

greater variability between samples collected at the same distance from the reef than among distances. 

Additionally, Martins et al. (2013) showed that richness was lower in fine sediment further from a reef, but 

was higher close to a reef, irrespective of whether the sediment was characterized as fine or coarse sediment. 

Consequently, the relationship between infauna and sediment appears to be influenced by a variety of 

environmental variables suggesting that the effect of artificial structures on infaunal organisms in my study 

is weak relative to the high variability of infaunal communities in estuaries. 

Despite the small effects of the structures on organismal indices, these effects did not result in 

overall differences in infaunal community composition between areas with structure and reference. This 

sampling took place about eight years after the structures were first deployed, so additional effects might 

have been detected in the short-term, but those effects could have now diminished. Furthermore, Yaquina 

Bay has large amounts of anthropogenic influences (i.e. coastal development, land run-off, and dredging), 

so infaunal communities may be resilient to disturbances, thus only showing a limited effect to the presence 

of these artificial structures. 

If more marine development starts occurring in estuarine areas of Oregon, such as with the 

deployment of in-stream tidal energy, the expected long-term changes of these devices appears to be 

minimal in the area immediately surrounding the structure as long as their physical footprint is similar to 

the artificial structures used in this study. This conclusion coincides with previous studies on the distance 

effects of artificial reefs or structures on the Pacific west coast (Anderson and Ambrose 1990, Davis et al. 

1982, Glaholt 2008). In fact, it appears that changes in infaunal communities are more likely caused by 
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differences in sediment composition among different locations in the estuary. The high variability in 

physical factors in a dynamic estuarine system could play a larger role in dictating the composition and 

configuration of infaunal communities in the bay than the presence of an artificial structure. Further studies 

that specifically look at a wide range of environmental factors would be beneficial in this area, to better 

understand the variability of infaunal communities in this estuary and understand how artificial structures 

influence that variability. Conducting additional studies that look into possible predation effects would also 

elucidate possible trophic changes that could occur if infaunal communities are influenced by artificial 

structures. If infaunal predators, such as juvenile rockfish, more frequently use artificial structures, then the 

infauna in the vicinity might be severely affected. Previous studies have seen a decrease of infaunal 

organisms near natural and artificial reefs and have speculated predation could be a factor for the observed 

abundance pattern (Posey and Ambrose 1994, Barros et al. 2001, Langlois et al. 2005). Hence, information 

should be gathered about additional organisms that utilize artificial structures in areas where MRE devices 

are sited to get a full picture of the possible effects. Infauna are critical to the functioning of the marine 

ecosystem and there are still uncertainties about how species interact with each other and influence their 

surroundings (Ellis et al. 2000, Ieno et al. 2006). Thus, it is critical to have knowledge of the presence of 

any valuable species, such as juvenile groundfish or flatfish species, that are economically important and 

feed on infauna before developing the estuarine environment. Nevertheless, since the effects I detected on 

sediment characteristics did not result in changes to the structure of the infaunal communities and in fact 

increased their abundance at the distances closest to the structures, in an estuarine environment like Yaquina 

Bay, I would not expect adverse effects from similar artificial structures on species that forage on the 

infauna. 
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Fig. 2.2. Schematic of sampling method around artificial structures. Transects 

were taken perpendicular and parallel to shore. Circles represent a sediment 

core, so two cores were taken at 0, 5, 10 and 15 m. 

Shore 
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Fig. 2.3. Sediment median grain size (a) and percent of fine sediment (b) at various distances from 

the base of the downstream artificial structures (AS #1 and AS #2) and from an arbitrary starting 

point at the downstream reference site (“Jetty”). 
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Fig. 2.4. Sediment median grain size (a) and percent of fine sediment (b) at various distances 

from the base of the upstream artificial structure (AS #4) and from an arbitrary starting point at 

the upstream reference site (“Bay”).  
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Fig. 2.5. Abundance of infaunal organisms separated by major infaunal 

taxa at each artificial structure.  
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Fig. 2.6. Abundance of infaunal organisms separated by major infaunal 

taxa at different distances from the artificial structures. 
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Fig. 2.7. Mean abundance of Capitellidae polychaetes as distance increases away from the artificial 

structures. Error bars show standard error. 
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Fig. 2.9. An nMDS ordination plot comparing infaunal assemblages from each treatment 

labelled by location in Yaquina Bay. Upper sites, or sites further upstream, are AS #4 and 

the Bay reference site, while lower sites, or sites closer to the mouth of the estuary, are 

AS #1, AS #2, and the Jetty reference site. 
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Table 2.1. Summary of results from two-way ANOVA and multiple linear regression statistical tests 

conducted on median grain size. F gives the F-value from the ANOVA output and the df gives the 

degrees of freedom. The Slope gives the slope estimate from the regression output. The linear regression 

was conducted using the combined data from all three structures, while the segmented regression was 

conducted separately for each location.  

 

Response variable: Median grain size 

With artificial structure and reference data 

Two-way ANOVA df F p Tukey multiple comparisons 

a 

Direction 

(along-flow vs. cross-

flow) 

1 0.367 0.546  

Location 

(upper vs. lower Bay) 
1 108.882 < 0.001 Upper < Lower 

Direction x Location 

Interaction 
1 2.224 0.14  

Residuals 75    

b 

Treatment 

(structure vs. reference) 
1 0.8759 0.352  

Location 1 116.644 < 0.001 Upper < Lower 

Treatment x Location 

Interaction 
1 6.663 0.012 

Within Upper location: Ref > AS 

Within Lower location: Ref = AS 

Residuals 75    

With artificial structure data only 

Linear Regression Slope p Breakpoint regression results 

c 

Intercept 265.362 < 0.001  

Distance (0 to 15 m) -2.797 < 0.001 

Lower: estimated breakpoint at 5.445 m, 

st. err = 2.081, p = 0.001 

Upper: breakpoint undetermined 

Location -72.217 < 0.001  

Distance x Location 

interaction 
0.95 0.422  
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Table 2.2. Summary of results from two-way ANOVA and multiple linear regression statistical tests 

conducted on the percent of fine sediment. F gives the F-value from the ANOVA output and the df gives 

the degrees of freedom. The Slope gives the slope estimate from the regression output. The linear 

regression was conducted using the combined data from all three structures. 

 

 

  

Response variable: Percent of fine sediment 

With artificial structure and reference data 

Two-way ANOVA df F p Tukey multiple comparisons 

a 

Direction (along-flow vs. cross-flow) 1 0.951 0.333  

Location (Upper vs. Lower Bay) 1 221.972 < 0.001 Upper > Lower 

Direction x Location Interaction 1 0.128 0.721  

Residuals 75    

b 

Treatment (structure vs. reference) 1 0.566 0.454  

Location 1 242.20 < 0.001 Upper > Lower 

Treatment x Location Interaction 1 2.82 0.097  

Residuals 75    

With artificial structure data 

Linear Regression Slope p  

c 

Intercept 0.591 0.156  

Distance (0 to 15 m) -0.037 0.405  

Location 3.557 < 0.001  

Distance x Location interaction 0.404 < 0.001  
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Table 2.3. Summary of results from two-way ANOVA and multiple linear regression statistical tests 

conducted on Shannon diversity. F gives the F-value from the ANOVA output and the df gives the 

degrees of freedom. The Slope gives the slope estimate from the regression output.  

 

 

  

Response variable: Shannon diversity 

With artificial structure and reference data 

Two-way ANOVA df Fdf p Tukey multiple comparison tests 

a 

Treatment (structure vs. reference) 1 0.018 0.893  

Location (Upper vs. Lower Bay) 1 28.287 < 0.001 Upper > Lower 

Treatment x Location Interaction 1 0.074 0.787  

Residuals 76    

With artificial structure data 

Linear Regressions Slope p  

b 

Intercept 0.588 < 0.001  

Distance (0 to 15 m) -1.860 0.07  

Location 1.74 0.089  

Distance x Location interaction 0.763 0.45  

c 

Upper: 

 Intercept 
-0.384 0.746  

Median grain size 1.124 0.28  

d 

Lower: 

Intercept 
-0.666 0.304  

Median grain size -1.046 0.304  



37 

 

 

Table 2.4. Summary of results from two-way ANOVA and multiple linear regression statistical tests 

conducted on richness. F gives the F-value from the ANOVA output and the df gives the degrees of 

freedom. The Slope gives the slope estimate from the regression output. 

 

 

  

Response variable: Richness 

With artificial structure and reference data 

Two-way ANOVA df Fdf p Tukey multiple comparison tests 

a 

Treatment (structure vs. reference) 1 0.395 0.532  

Location (Upper vs. Lower Bay) 1 31.713 < 0.001 Upper > Lower 

Treatment x Location Interaction 1 0.636 0.428  

Residuals 76    

With artificial structure data 

Linear Regressions  Slope p  

b 

Intercept 2.288 < 0.001  

Distance (0 to 15 m) -1.856 0.07  

Location 2.736 0.009 Upper > Lower 

Distance x Location interaction -0.04 0.969  

c 

Upper: 

Intercept 
0.524 0.897  

Median grain size 0.720 0.483  

d 

Lower: 

Intercept 
-0.675 0.643  

Median grain size 1.717 0.096  
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Table 2.5. Summary of results from two-way ANOVA and multiple linear regression statistical tests 

conducted on abundance. F gives the F-value from the ANOVA output and the df gives the degrees of 

freedom. The Slope gives the slope estimate from the regression output. 

 

 

 

 

  

Response variable: Abundance 

With artificial structure and reference data 

 Two-way ANOVA df Fdf p Tukey multiple comparison tests 

a 

Treatment (structure vs. reference) 1 0.013 0.91  

Location (Upper vs. Lower Bay) 1 14.748 < 0.001 Upper > Lower 

Treatment x Location Interaction 1 1.096 0.298  

Residuals 76    

With artificial structure data 

Linear Regressions  Slope p  

b 

Intercept  7.7625 < 0.001  

Distance (0 to 15 m)  -2.744 0.008  

Location  2.050 0.046 Upper > Lower 

Distance x Location interaction  0.406 0.687  

c 

Upper: 

Intercept 
 24.29 0.098  

Median grain size  -1.018 0.326  

d 

Lower: 

Intercept 
 0.929 0.906  

Median grain size  0.487 0.63  
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3 CHAPTER 3: BIOFOULING COMMUNITIES ON SURFACE AND BOTTOM 

ARTIFICIAL STRUCTURE IN OREGON’S OFFSHORE ENVIRONMENT 
 

3.1 Introduction 

 Increasing energy demand coupled with the negative effects of fossil fuels has motivated an 

expansion of renewable sources of energy, especially offshore wind, wave and tidal energy. Interest in these 

types of renewable energies (collectively referred to as marine renewable energy [MRE]) has dramatically 

increased worldwide in the last decade. Specifically, the U.S. west coast shows high potential for offshore 

wind, wave and tidal energy (Bedard et al. 2005, Thresher and Musial 2010). In 2012, Oregon State 

University launched an off-grid wave energy test site, called the North Energy Test Site (NETS), and is 

currently in the permitting process of developing a grid-connected test site, called the South Energy Test 

Site, collectively referred to as the Pacific Marine Energy Center (PMEC 2014). The rising push to deploy 

MRE devices has prompted the need to understand the potential impacts of these devices on the 

environment and ensure net gains for marine ecosystem services. 

 Deployment of artificial structures in the marine environment is not novel and there have been 

numerous research studies on their effects. Most introduced hard substrate in marine environments has been 

shown to create new habitat for organisms, thus creating an artificial reef or aggregation device 

(Wilhelmsson and Malm 2008). The substrate provides a new space for organisms to recruit to and colonize. 

Organic and inorganic materials cover the new substrate and attract microorganisms, such as diatoms and 

bacteria, to accumulate on the surface. This biofilm attracts macro organisms, such as barnacles, tunicates 

and mussels (Yebra et al. 2004, Kristensen et al. 2008). The developing fouling communities increase the 

food and shelter resources for various invertebrates and fish, eventually becoming an artificial reef or fish-

aggregating device. This aggregation phenomenon has proved useful in fisheries worldwide in order to 

attract certain commercially valuable species and increase catches (Castro et al. 2002). Artificial reefs 
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mimic some functions of a natural reef which can make them valuable for recovering or enhancing 

populations of endangered or threatened species and mitigating degraded ecosystems, especially coral reef 

or rocky reef ecosystems (Perkol-Finkel and Benayahu 2005, Perkol-Finkel and Benayahu 2007). 

 Despite the potential positive ecological and economic benefits surrounding artificial structures in 

the marine environment, the exact composition of these ecological communities can vary widely depending 

on the environmental conditions of the area (Macleod et al. 2016) and the design of the artificial structure 

(Connell 2001, Langhamer et al. 2009). Most research on the environmental effects of marine renewable 

energy devices has been conducted on European installations and focused on evaluating possible effects to 

megafauna or characterizing the “reef” communities that form on the foundations and scour protection 

surrounding the monopiles supporting the wind turbines (Wilhelmsson and Malm 2008, Wilson 2007, 

Miller et al. 2013). Additionally, wind turbine monopiles provide new habitat throughout the water column 

and could provide habitat for a variety of organisms depending on various physical factors that change with 

depth in the water column (Leonhard and Pedersen 2006). Thus, the communities found on those devices 

could vary significantly from possible communities found on wave energy devices potentially deployed in 

Oregon. Typically, wave energy converters (WECs) float at the surface and are attached to mooring lines 

that lead to anchors on the bottom; thus I would expect to see distinct communities on structures on the 

surface versus on the sea floor. Gooseneck barnacles have been shown to only colonize floating structures, 

so their presence would be restricted to the surface floating structure of a MRE device (Foster and Willan 

1979, Yan et al. 2000). Additionally, little research has been done on biofouling, or the beginning stages of 

artificial reef development in offshore environments (Schuhmacher 1977) as most biofouling research has 

been done in near-shore environments (i.e. docks and piers; Connell 2001, Lambert and Lambert 2003, Pati 

et al. 2015). Understanding the biofouling that occurs on surface and bottom structures would provide 

insight into the kinds of organisms that could associate with wave energy devices and how long it could 

take to develop an artificial reef community.  
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 This study was designed to provide information about the biofouling communities that form on the 

surface and bottom of artificial structures in an area designated for wave energy device testing. The major 

goal of this study was to identify and quantify the offshore biofouling communities present on surface 

(buoys) and bottom (anchors) artificial structures after a period of two years. I expected that the biofouling 

communities found on the anchors would be different from the communities found on the buoys. I expected 

that the communities on the buoys would have a greater abundance of primary producers, while the anchors 

would not have any primary producers due to the lack of sunlight penetration at 45 m. However, I predicted 

that the anchors would have a greater abundance of structure forming organisms, such as sea anemones, 

because of their known preference for hard substrata (Jackson 1977, Greene et al. 1983, Bram et al. 2005, 

Pirtle 2005). However, I expected that the balanoid barnacle communities would be similar on the buoys 

and anchors because balanoid barnacles have been known to occur on the surface and at depth (Southward 

1987, Miller and Macleod 2016). 

3.2 Methods 

3.2.1 Study Area 

 In July 27, 2013, a data collection platform called the Ocean Sentinel (OS) was deployed on a 3-

point mooring at 45 m depth, approximately 3 miles off the coast of Newport, OR (Fig. 3.1). The 

deployment site was on a gently sloping area of the continental shelf with medium sand, approximately 

2.75 km NNW away from a small rocky reef. In October 2013, the OS was removed from the water, but 

the three buoys and their anchors remained. These anchors and buoys are referred to by their location 

relative to each other. Thus, there is a NE anchor and its respective buoy, a W anchor and buoy, and a SE 

anchor and buoy. The anchors were 4 x 4 x 4 ft. concrete blocks and the buoys were 58” in diameter. The 

three buoys and their anchors were retrieved on November 6, 2015, about 2 years and 3 months after 

deployment. 
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3.2.2 Sampling 

  Upon retrieval of the anchors, it was noted that all anchors appeared to have tipped over on their 

side at some point during the deployment, so the original bottom of the anchor was no longer lying on the 

seafloor (Fig. 3.2). These original anchor bottoms (now sides) were not sampled when quantifying cover 

of organisms. Altogether, the (original) tops of all anchors were sampled along with two additional sides (a 

total of three surfaces). An additional side was sampled on the NE Anchor (a total of four surfaces). Photo-

quadrats (0.25 m2) were taken of the two sides and the original top surfaces. Two 0.25 m2 photo-quadrats 

were taken of the submerged half of each of the buoys, although only one photo-quadrat was taken of the 

NE buoy. After the photo-quadrats were taken, the biofouling communities on the buoys and anchors were 

scraped and preserved in 70% ethanol. 

3.2.3 Analysis 

 The photographs of the buoy and anchor surfaces were assessed for cover of algae, mussels, and 

barnacles with Vidana 1.0.1, a software used for quantifying percentage cover from video and photo-

quadrats (Hedley 2003). The scraped samples were analyzed for species composition under a dissecting 

microscope to identify organisms to the lowest possible taxonomic level. Data were analyzed by calculating 

the averages and standard deviations of algal, mussel, and barnacle cover for each anchor and buoy. In 

comparing anchors, the cover of barnacles was averaged among all faces since what originally was on the 

top surface became a side at some point in the deployment, the timing of which may have varied by anchor. 

Then one-way ANOVAS were conducted to test if differences in barnacle cover among anchors were 

statistically different. Two Welch’s t-tests were conducted to test if balanoid barnacle or algal cover on the 

anchors was significantly different from the cover found on the buoys. All data was analyzed in R statistical 

software (R Core Team 2016).  
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3.3 Results 

3.3.1 Anchors 

 There was little accumulation of organisms on the anchors other than balanoid barnacles which, 

while abundant, did not result in much biomass. Most of the sides and tops of the anchors had similar 

barnacle cover, except on the SE anchor where the original top had 80% cover and the other SE anchor 

sides had 6% and 2% cover. Overall, average balanoid barnacle cover was not statistically different among 

anchors (one-way ANOVA, p = 0.313; Fig. 3.3). On the W Anchor, 5 individuals of the chiton, Mopalia 

hindsii, were collected among the three sampled surfaces, a type of encrusting bryozoan and a gelatinous 

egg mass were found on the SE Anchor, and mysid shrimp were found on the top side of the NE Anchor. 

As expected no algae were found on the anchors.  

3.3.2 Buoys 

 There were gooseneck and balanoid barnacles, mussels (Mytilus spp.), and algae growing on all of 

the buoys. Balanoid barnacle cover was minimal on the buoys with the NE buoy having the highest cover 

(6%), the W buoy having an average cover of 0.5%, and no cover on the SE buoy (Fig. 3.4). Algal cover 

was about 60% on the NE and W buoys, while about an average of 52% on the SE buoy. The counts of 

gooseneck barnacles and mussels varied greatly (e.g. the abundance of gooseneck barnacles on the W and 

SE buoys were about 7 times more than that found on the NE buoy) and that was reflected in the gooseneck 

barnacle and mussel percent cover as determined using photo quadrats (Table 3.1). Gooseneck barnacle 

cover on the NE buoy was 5% and average cover on the W and SE buoys were 22% and 23.5%, respectively. 

The NE buoy had 3% mussel cover, while the W buoy had 4% average cover and the SE buoy had 7% 

average cover. When analyzing the composition of the buoy biofouling organisms, the Hiatellidae bivalve 

was only found on the SE and W buoys. Amphipods were only found on the W and NE buoys. Additionally, 

crabs were only found on the NE buoys. 
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3.3.3 Anchor vs buoy comparisons 

 The buoy biofouling communities had a greater amount of species than the anchor biofouling 

communities. Additionally, the difference between balanoid barnacle cover on the anchors and buoys was 

statistically different (Welch’s t-test, p <0.001).  

3.4 Discussion 

 Wave energy farms, through the addition of the devices and their anchors, have the potential to 

provide new habitat for a variety of organisms. The major goal of this study was to identify and quantify 

the biofouling communities present on surface and bottom artificial structures in an area of the Oregon 

coast designated for wave-energy testing. In the investigation of biofouling organisms on the Ocean 

Sentinel anchors and buoys, I found that the buoys contained the most taxa. They were mostly covered by 

algae, mussels, and gooseneck barnacles with most of the additional organisms, i.e. amphipods and crabs, 

found living in the algae, thus showing that the additional structure created by the algae facilitated a greater 

variety of organisms (Highsmith 1985). Previous research off the Swedish coast showed that the biofouling 

biomass found on buoys did not seem to increase significantly with time (Langhamer et al. 2009). The 

limited availability of surface structure in the open ocean could limit the abundance and diversity of 

organisms that can reach the structure because only organisms with dispersal mechanisms that allow their 

larvae to travel widespread distances for potentially long periods of time would be able to survive and reach 

the structure. Macleod et al. (2016) discussed how geographical location explained most of the variation 

seen in biofouling community compositions. Thus additional site-specific research measuring 

environmental variables, like the prevailing direction of currents during various seasons and identifying the 

amount of surface structure close to an area sited for MRE, would provide information on the potential rate 

of fouling on new surface structure and what organisms would be likely to foul the structure. Although 

surface-floating biofouling communities do experience wave and wind energy, the movement of the buoy 

with water movement, unlike structure in the intertidal zone, would probably diminish some of the wave 
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exposure organisms might experience. However, the current velocity on the surface could affect which 

organisms colonize the buoy (Burrows 2012). Barnacles have shown to withstand higher current speeds 

and greater wave exposure than other fouling organisms, like mussels (Miller and Macleod 2016). 

Additionally, biological factors, like predation, can influence the zonation and composition of biofouling 

communities (Leonhard and Pedersen 2006). More long-term research would need to be done on floating 

artificial structures in areas designated for wave-energy devices to conclude that floating biofouling 

communities reach a maximum biomass and diversity after a period of time. This information would be 

useful for wave energy developers, because biofouling has shown to increase turbulence around buoys, 

which could affect the efficacy of extracting wave energy (Langhamer et al. 2009). If there is a maximum 

amount of biofouling biomass that can be predicted, then developers can develop devices that can take into 

account possible energy dissipation associated with that amount of biomass. 

 The Ocean Sentinel anchors had little accumulation of organisms with most of the accumulation 

consisting of balanoid barnacles. The difference in balanoid barnacle and algal cover between the buoys 

and anchors was statistically significant, thus supporting part of our hypothesis. Langhamer et al. (2009) 

found that wave power foundations off the Swedish west coast were only colonized by a few species during 

the first year with a total cover of 3.8% on the foundations while after the second year cover had reached 

37.5%. This finding suggests that the amount of cover (ranging from 29% to 67%) seen on the anchors off 

the Oregon coast after two years is typical of foundations on the seafloor. However, the cover seen in my 

study was solely due to the presence of barnacles as opposed to a variety of taxa as seen in other artificial 

structure studies (Glasby and Connell 2001, Langhamer et al. 2009). One difference between the OS 

anchors and the artificial structures in the aforementioned studies were that the structures in the studies 

were within the photic zone, while the bottom artificial structures in my study were below the photic zone 

at 45 m. Potentially the anchor biofouling communities in my studied area are not able to develop a more 

diverse biofouling community because these structures are below the photic zone. Artificial structures in 

the photic zone in Yaquina Bay, OR, had an abundance of organisms ranging from various kinds of algae, 
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chitons, barnacles, nudibranchs, and bryozoans (Pers. Obs.). As seen on the OS buoy biofouling 

communities, many of the additional biofouling organisms were found in the algae.  Thus, the development 

of a more diverse biofouling community may not be possible on the anchors. Nevertheless, although I 

mostly found balanoid barnacles in my anchor samples and no structure-forming organisms, an ROV video 

taken in May 2015 around one of the anchors showed a single small Metridium spp. on the anchor. 

Additionally, the ROV footage showed multiple individuals of juvenile rockfish hovering over the anchor. 

Rockfish of various ages and sizes have been observed around offshore oil platforms and oil debris in 

California (Love et al. 2000, Caselle et al. 2002). Rockfish were more abundant around an artificial reef in 

the Puget Sound once algae-associated prey had become established (Kramer et al. 2015). Although the 

biofouling communities on the anchors were sparse and did not have algae, it appeared that the anchors still 

were an attractant for juvenile rockfish.  

 Many factors, such as depth, season, location in the marine environment, and relief of habitat, 

determine community structure (Sutherland and Karlson 1977, Greene et al. 1983, Perkol-Finkel and 

Benayahu 2008, Dobretsov et al. 2013). Previous studies have shown that biofouling assemblages can vary 

between vertical and horizontal surfaces (Knott et al. 2004, Langhamer et al. 2009), but no differences were 

found on the Ocean Sentinel anchors. This discrepancy from previous studies can probably be explained 

by the fact that it appeared that the anchors had been overturned during their time in the water, which could 

have removed the biofouling communities that had initially established on the surfaces. Leonhard and 

Pedersen (2006) noted that after a storm, the biofouling community on a wind farm’s foundation was no 

longer present and only showed the calcium traces of previously attached barnacles. They also conjectured 

that biofouling communities on bottom structures may be more vulnerable to sand scouring and current 

action without scour protection. Thus if there were any physical disturbances around the Ocean Sentinel 

anchors, the biofouling communities could have taken more time to re-establish to previous abundances 

and any differences in biofouling assemblages between the two surface orientations would no longer be 

apparent. In comparison, a lander was deployed in the same area as the Ocean Sentinel anchors for about 
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seven months in 2010 and most of the lander was completely covered by balanoid barnacles (Fig. 3.5). This 

observation demonstrates that balanoid barnacles do not have a preference over concrete substrate or 

aluminum substrate. In addition, it appears that barnacle colonization can happen within months of 

deployment (something I was not able to quantify from our anchor observations alone).  

 Recruitment and dispersal mechanisms influence which organisms reach a new habitat first, 

potentially influencing what additional organisms can recruit to the habitat (Sutherland and Karlson 1977, 

Almany 2003). Primary colonizers can facilitate the arrival of additional organisms by providing protection 

for other organisms but can also prevent the colonization of others by taking up all the free space or even 

employing chemical defenses to prevent settlement on top of themselves (Dobretsov et al. 2013). However, 

the strength of priority effects, or the role of established individuals in influencing the arrival of other 

organisms, can vary depending on the dominance of species who colonize a space first (Sutherland and 

Karlson 1977). The biofouling communities sampled from the Ocean Sentinel anchors and buoys were a 

two-year glimpse of the biofouling communities that formed on and could have continued to form on those 

structures. Understanding the succession of organisms in a biological community and the mechanisms for 

succession are key to predicting community compositions (Connell and Slatyer 1977).  Thus, this study 

would benefit from repeated monitoring throughout a period of time in order to discern if, in this area, the 

biofouling communities on seafloor artificial structures take a longer time than two years to accumulate a 

denser and more diverse biofouling community or if the physical or biological disturbances prevent the 

biofouling communities from developing more in a period of two years. There was greater variety of species 

on the buoys; however, cover was mostly dominated by gooseneck barnacles and algae; and it is still 

unknown if the biofouling communities on the buoys were fully developed. 

Understanding the development of the biofouling communities that form on these artificial 

structures can help scientists and managers better predict how these communities will compare to natural 

communities of the area and provide insight into the ecological consequences of these devices for the 

environment and its users. Being able to predict the composition of biofouling communities can also aid 
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MRE developers to design devices that can still work efficiently despite the extra weight and drag caused 

by biofouling organisms. Thus, being able to conduct additional studies to monitor the development of the 

biofouling communities on new space will give insight into how communities develop and how species 

interact with each other.  
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Fig. 3.1. Location of the Ocean Sentinel anchors and buoys. There is a northeast (NE), 

southeast (SE) and west (W) anchor and buoy. 
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Fig. 3.2. Side of the NE anchor (left), W anchor (center), and SE anchor (right) that appeared to have been 

in contact with the seafloor. 
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Fig. 3.3. Average cover of balanoid barnacles on the Ocean Sentinel anchors. Error bars indicate 

standard deviation. For the NE anchor, there was an n = 4, W anchor: n = 3, SE anchor: n = 3.   
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Fig. 3.4. Average cover of balanoid barnacles, algae, gooseneck barnacles, and mussels on the 

Ocean Sentinel buoys. Error bars indicate standard deviation. For the NE buoy there was an n = 1, 

W buoy: n = 2, and SE buoy: n = 2. 
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Fig. 3.5. Photo of a lander deployed for about 7 months, at the North Energy 

Test Site, where the Ocean Sentinel anchors and buoys were located.  
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Table 3.1. Average abundance ( standard deviation) of gooseneck barnacles and Mytilus spp. found on the 

Ocean Sentinel buoys. 

 NE Buoy W Buoy SE Buoy 

Gooseneck barnacles 9  5 69  21 63  1 

Mytilus spp. 127  23 305  12  33 

 

  



55 

 

 

4 CHAPTER 4: CONCLUSION 
 

My studies researched the effects of artificial structure on various invertebrate communities: those 

living in the sediment surrounding the structure, those living on bottom structure, and those living on 

surface structure. Many of the environmental studies conducted for the permitting of marine renewable 

energy have served as an opportunity to learn more about the area of the marine environment where MRE 

may be developed. Characterizing the communities that live in an area is important to knowing which 

organisms could be directly affected by MRE devices, but it is not enough to predict the possible ecological 

or social effects that could be seen from deploying these devices in the marine environment. Research must 

also focus on the framework of marine ecosystem based management and understanding the connections, 

space and explicit tradeoffs associated with a possible MRE effect (McLeod and Leslie 2009, Lester et al. 

2010). An important reason for understanding how marine renewable energy devices will affect their 

environment is because we could use that information to advance ecological and economical goals. For 

example, we know there will be reduced fishing in an area cited for wave energy and we expect rockfish 

will be attracted to an anchor of a wave energy device. If adult rockfish are attracted to the device, we 

probably will not see enhancement of rockfish population in the area, but if larval rockfish, who otherwise 

would have drifted to other areas, use the devices then the attraction of larval rockfish to the device could 

enhance rockfish populations and benefit fisheries in the area. Additionally, if we have greater knowledge 

of how MRE devices influence their environment, we could be better equipped to design structures that 

specifically cater to the enhancement of certain threatened or economically important species or reduce 

effects to the environment that could negatively affect valuable species. 

My estuarine study in Yaquina Bay, OR, showed that artificial structures influence the physical 

environment by modifying the distribution of grain size adjacent to and potentially up to 5 m from structures 

in both the lower and upper studied areas of Yaquina Bay. Although I hypothesized the effects of the 

artificial structure on sediment characteristics would be reflected in the composition of infaunal 
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communities, there were no differences in the composition of infaunal communities living within 15 m of 

the artificial structures. However, there was some evidence that the artificial structure caused an increase 

of organisms close to the structure, and almost affected diversity and richness metrics, but these changes 

was not correlated to changes in grain size. However, differences in sediment characteristics between 

locations in Yaquina Bay were reflected in infaunal communities. These findings suggest that although the 

artificial structures influenced the physical environment, those changes were not great enough to cause 

changes in the infaunal communities. Essentially, the artificial structures in an estuarine environment did 

not have a pronounced effect on infaunal communities but actually enhanced the abundances of some kinds 

of organisms, like organisms that take advantage of extra inputs of organic matter. Thus, it appears that an 

artificial structure that resembles an MRE device anchor would not cause substantial effects on infaunal 

communities and sediment characteristics. However, the differences in effects seen between locations in 

Yaquina Bay elucidates the importance of conducting site-specific research and how the connections 

between abiotic and biotic variables and space can vary within a similar environment and at relatively small 

spatial scales compared to the spatial extent of a wave energy or other MRE farm.  

The estuarine study took place in the kind of environment that could see marine energy 

development, especially from in-stream tidal energy. The results from my research suggest that in order to 

better understand the effects of MRE on infaunal communities at least two kinds of studies could be done. 

(1) Environmental studies need to be done (and are currently being conducted as part of the permitting 

process) to characterize the infaunal communities that live in the soft-sediments of the area and measure 

physical characteristics (i.e. sediment composition, salinity, and dissolved oxygen concentration). Studies 

should be done at various times throughout the year and over at least two years to measure natural temporal 

variability in these communities. This study will give you information on which organisms could be 

immediately affected by the MRE devices and how the organisms are structured with respect to key physical 

characteristics, such as if only sediment characteristics drive infaunal communities or if other 

environmental variables play a major role in the structure of infaunal communities seen in an area. Thus, 
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this study would give context for a particular region. What organisms are present and how much do we, 

ocean users, care about their abundances or the functions they provide? Having this knowledge would 

enable researchers and managers to make connections to other species (e.g. if a particular infaunal organism, 

such as a bivalve, was a very important food source for a commercially important species, like the English 

sole flatfish) and determine the trade-offs that could occur if there was an effect from an MRE device on 

the infaunal organism. (2) Studies additionally could be conducted to quantify the quantity, distribution and 

complexity of other hard structure in the area, with samples being taken of the infaunal communities around 

those structures as well. This study would provide information about how infaunal communities “normally” 

organize around hard structure in the area and allow us to figure out how additional hard structure could 

influence infaunal communities in adjacent areas. Infaunal communities would possibly be affected 

differently if the existing hard structure in the area is distributed or clustered in the region. This study would 

be focusing on the connections among species and habitats and how that varies at different spatial scales. 

Combining these studies would provide more robust knowledge about these communities and enhance our 

ability to predict the resilience and susceptibility of the infaunal communities to physical disturbances. Our 

predictive ability would also be enhanced if the infaunal communities surrounding the existing hard 

structure are associated with hard structure of various ages or if additional information (i.e. life history 

characteristics or physiological tolerances) exists about specific species or functional groups seen in the 

communities, about the usual physical disturbance frequent in the area, or about predators in the area that 

could feed on the infauna. Understandably, studies would be tailored depending on the spatial extent of 

MRE development, knowledge we have of the area and resources available to conduct the studies.  

My study at the North Energy Test Site demonstrated that there was little colonization of biofouling 

organisms on bottom artificial structure, probably due to frequent disturbances that were able to move the 

anchors as well as the anchors’ location below the photic zone. The buoys had a greater variety of taxa and 

most of the cover consisted of algae and gooseneck barnacles.  Previous research suggests that succession 

on biofouling communities occurs quickly and reaches a stable point within a year of submergence 
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(Andersson et al. 2009, Langhamer et al. 2009, Macleod et al. 2016). Thus surface artificial structures at 

NETS and in similar areas will likely be colonized by biofouling communities quickly and their 

composition will not change much after several years of deployment. In addition, it appears that the Oregon 

coast may receive large physical disturbances at the depth I studied thus preventing the development of 

bottom biofouling communities. However, I only sampled organisms that remained on the anchors and 

buoys after they were transported to shore, so I do not have information on biofouling organisms that could 

have fallen off during this handling process. Consequently, identifying and quantifying the biofouling 

communities while in the water would provide more robust information on the composition of biofouling 

communities on these structures. 

The Ocean Sentinel study only provided a small “snapshot” of what bottom and surface biofouling 

communities look like after a period of two years. Because the areas where MRE devices will be deployed 

will probably be very dynamic with high wave energy or currents, the possibility of disturbances in these 

biofouling communities is high and requires us to have an idea of the temporal variability in these areas to 

better predict the biofouling communities that could form on these devices. Like the infaunal study 

recommendations, two kinds of studies should be done when trying to understand what biofouling 

communities will form on MRE devices. Environmental studies should be conducted to measure physical 

characteristics such as submerged time, current direction and velocity, salinity, and temperature. These 

studies should also be done for at least two years to understand natural variability in the system. Most 

organisms that dominate biofouling communities passively reach the structures due to natural dispersal 

mechanisms or artificial means (i.e., human-facilitated transport) (Miller et al. 2013). Thus, having 

information on the physical characteristics mentioned above and how those abiotic factors vary with time 

will provide useful information on where organisms could come from, which organisms and how efficiently 

organisms could colonize new hard structure, and how those processes could vary temporally.  

If there is knowledge of existing hard substrate in the area, like buoys or rocky reefs, biofouling 

communities could also be characterized. Studies should be done at various times throughout the year and 
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over at least two years to measure natural temporal variability in these communities. These studies will 

provide information on which organisms could be affected by the MRE devices and how the organisms are 

structured with respect to key physical characteristics. This study would provide information about which 

organisms would likely recruit to the new hard structure and the connectivity of populations that could be 

seen depending on the type of existing hard substrate. If such studies gathered information about prevailing 

currents in an area, we would have greater knowledge about the flow of nutrients, organisms and other 

materials between similar habitats. Habitat heterogeneity and diversity has long been shown to play a role 

in maintaining high species diversity and richness due to an increase in niches, refuge space, and food 

resources (Hixon and Menge, 1991, Matias et al. 2010, Kovalenko et al. 2011). MRE devices could increase 

the habitat heterogeneity in an area in ways that could enhance native populations or enhance invasive 

species. If the latter occurred, then the structure and function of an ecosystem could be compromised, e.g. 

if the displaced native species provided a valuable service or function to the environment (Bulleri and 

Airoldi, 2005, Grosholz 2002, Green et al. 2012). Combining these studies would provide more robust 

knowledge about communities in areas sited for MRE and enhance our ability to predict larger population 

dynamics. Information on what habitats already exist in an area, environmental conditions and natural 

variability about existing biofouling communities will help us better manage the design and implementation 

of MRE devices to minimize possible negative impacts. Additionally,  

The development of marine renewable energy has given us an opportunity to greatly increase our 

knowledge of how organisms respond to a variety of changes. Marine ecosystem based management 

emphasizes the connections across various sectors of ocean users and focuses on how place and spatial 

scale are very important when making management decisions. The scientific community plays a necessary 

role in this process by providing knowledge needed to ensure that the usage of the ocean environment 

benefits the most users possible and also ensures the sustainability of the ecosystem services provided by 

the ocean environment. Because marine renewable energy has the potential to impact various ocean users, 

it is essential that the process of marine ecosystem based management is utilized when planning the 
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implementation of this energy (Henkel et al. 2013). Additionally, understanding these connections gives us 

the foresight and ability to not only mitigate for any negative effects, but also take advantage of the possible 

positive cumulative effects that could occur. An ecosystem model developed by Raoux et al. (2017) showed 

that the increase in mussel and benthic invertebrate biomass due to the “reef effect” around an offshore 

wind farm was beneficial for apex predators, such as marine mammals. The model also showed that the 

food web around the offshore wind farm was controlled by intermediate trophic levels, like benthic 

invertebrate predators. This model elucidates the importance of lower trophic levels and understanding how 

these species could be affected by the installation of MRE devices. Additionally, consistent monitoring of 

biofouling and infaunal communities before, during and after the installation of MRE devices will provide 

us with needed information to better predict larger food web changes in an area sited for MRE. The 

emerging industry of marine renewable energy has the potential to greatly increase our knowledge of the 

marine ecosystem, and conducting comprehensive studies that focus on connections between people and 

organisms, space and time, will give us the foresight to adaptively manage these devices in ways that 

minimize adverse effects, optimize positive effects and provide non-fossil fuel energy. 
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Appendix A. Dive visits to artificial structures and reference sites 

Table A.1.  

Date 
Start 

Time 

Duration 

(min) 

Specific 

Location 

Depth 

(ft) 

Max 

Depth 

(ft) 

Temperature 

(°F) 

18-Nov-15 11:04 41 AS #1 13 15 54 

15-Jan-16 10:42 47 AS #2 13 16 50 

26-Feb-16 12:01 37 AS #4 19 22 52 

18-Mar-16 9:20 40 AS #2 19 - - 

23-Mar-16 13:31 49 AS #1 18 24 54 

5-Apr-16 11:29  AS #4    

26-Apr-16 16:23 25 Jetty Ref 14 15 55 

27-Apr-16 15:30 36 Bay Ref 12 13 55 
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Appendix B. Organisms found on Ocean Sentinel buoys 

 

Table B.1. Taxa found on Ocean Sentinel buoys 

Taxa NE Buoy W Buoy SE Buoy 

Unidentified red algae 1 x x x 

Unidentified red algae 2 x  x 

Unidentified red algae 3 x   

Unidentified brown algae 1 x   

Unidentified green algae 1 x   

Unidentified green algae 2 x   

Unidentified green algae 3 x   

Unidentified green algae 4 x   

Balanoid barnacle 1 x x x 

Balanoid barnacle 2 x x x 

Balanoid barnacle 3 x x x 

Balanoid barnacle 4 x x x 

Balanoid barnacle 5   x 

Unidentified crab 1 x   

Unidentified crab 2 x   

Unidentified crab 3 x   

Unidentified crab 4 x   

Hiatellidae bivalve  x x 

Caprella amphipods x x  

Unidentified amphipod 1 x   

Unidentified amphipod 2 x   

Unidentified amphipod 3 x   

Unidentified amphipod 4 x   
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Appendix C. Photos from Ocean Sentinel bottom and surface structures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig. C.1. Photo quadrat of a side from the NE anchor.  
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Fig. C.2. Photo quadrat of the top of the NE anchor. 
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Fig. C.3. Photo quadrat of the NE buoy. 
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Fig. C.4. Photo quadrat of a side from the SE anchor. 
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Fig. C.5. Photo quadrat of the top of the SE anchor. 
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Fig. C.6. Photo quadrat of the SE buoy. 
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Fig. C.7. Photo quadrat of a side from the W anchor. 
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Fig. C.8. Photo quadrat of the top of the W anchor. 
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Fig. C.9. Photo quadrat of the W buoy. 


